Abstract. Liquid phase sintering is used for net-shape fabrication of high performance materials. This work reviews microstructure evolution models needed to simulate the densification and distortion events observed with the semisolid powder-liquid mixtures during sintering. Critical insight in required from the capillarity, pore collapse, solid-liquid morphology, solid phase connectivity, grain growth, and system rheology. These complications are handled using a modified time-dependent viscous flow model that requires data on grain size, density, and boundary conditions (such as substrate friction) versus time. The rheological response model coupled with finite element analysis has proven most effective in predicting final size and shape of engineering components. A simplified material parameter extraction scheme is used to determine many the material constants, providing hope for a generic model in the future.
INTRODUCTION
Liquid phase sintering (LPS) is a net-shape process used in conjunction with powder injection molding (PIM) to produce large production quantities of complex components -such as for cellular telephones, automobiles, and golf clubs. A powderpolymer feedstock is molded into an oversized cavity dilated from the desired shape. The polymeric binder is removed prior to sintering the powder to nearly full density [1] . During sintering the PIM component shrinks about 15%. To design high precision PIM structures requires accurate prediction of the tool so that the sintered part meets final specifications. Models for sintering densification are well known [2, 3] , but they do not handle the complexity needed to predict three-dimensional size and shape changes as relevant to the production of PIM components. For this purpose, constitutive equations based on diffusion theories of sintering have been developed [4] [5] [6] . These equations are used in finite element analyses to yield computer simulations of the size and shape changes that occur during sintering. Underpinning these efforts is a need to link the rheology of the solid-liquid system to the time-dependent and evolving microstructure. For example, in the first few minutes of sintering most of the pores are annihilated, some solid dissolves in the liquid so the solid-liquid ratio is not constant, also the newly formed liquid significantly weakens the microstructure, meanwhile the grain size enlarges and the number of solid grains decreases, and eventually solid-solid bonds form to create a rigid structure.
This paper describes a model that relies on microstructure derived equations for sintering rheology. Implementation of this model using finite element analysis is illustrated for a few PIM components where validation data exist.
MODELING BACKGROUND

Model Geometry and Element Type
For this effort, both axisymmetric and 3D simulations were conducted depending on the geometry of the component. If the shape did not have a symmetric axis of rotation, a 3D simulation was performed. Axisymmetric simulations are faster and computationally less intense than 3D simulations, but shrinkage and distortional differences in the rotation of the axisymmetric plane are lost. A 3D simulation provides the most detailed dimensional description of the sintering behavior for a given geometry, but is far more complex and time consuming than possible with the axisymmetric simulation. For the simulations in this study, an axisymmetric simulation ran for a couple of minutes, while 3D simulations ran for several hours.
Governing Equations
Sintering occurs due to diffusional mass transport. The sintering potential can be described in mechanical terms as a surface tension induced stress [7] . It depends on the grain size, liquid wetting conditions, and pore saturation with liquid. These details are captured by quenching experiments. The capillary stress causes densification. The constitutive equations for sintering assume the form of a creep flow law [8] . is the ratio of the instantaneous density to the theoretical density of the material d t . In the present simulation, the green or initial relative density of PIM parts is assumed to be around 0.6, or 60% of the theoretical density.
These equations provide a mathematical description of the sintering behavior and are used to implement the model in finite element analysis. There are key parameters in the constitutive equations that characterize the sintering response for specific materials. These parameters of sintering potential, shear and bulk viscosity are given for two different models in the appendix. The 2-parameter model is based on the suggestion by Olevsky [4] , while the 5-parameter model was developed by Kwon [5, 6] . Microstructure parameters are embedded throughout the model in terms of evolving relative density and grain size G. Additional influences based on the diffusional properties of the material are activation energy for densification flow Q, grain boundary diffusion Q b and grain growth Q G . These parameters are usually determined via quantitative microscopy and related test techniques.
Boundary and Initial Conditions
The final step is in defining the boundary and initial conditions. Symmetric boundaries were used for the axis of rotation in axisymmetric simulations. Friction boundaries were used for the part surfaces that were in contact with the sintering substrate. If the simulation predicts that shrinkage causes the part surface to lose contact with the substrate during sintering, the friction boundary condition is no longer applied to the element surfaces representing this portion of the part-substrate boundary. Free boundaries were used to describe the outer part surface for material systems that employed liquid phase sintering. Initial conditions for field variables such as relative density and grain size were used where needed.
NUMERICAL METHODS
The governing equations, along with the model geometry, constitutive models, and boundary and initial conditions, are either used to program a finite element analysis calculation that solves the governing equations simultaneously, or used to characterize existing flow or creep models in finite element software packages. For the purpose of this study, the complete finite element analysis was programmed in Fortran. Simulations were run on a Pentium 4, 2.4GHz processor, using Visual Fortran 6 running under Windows 2000.
Sintering is a thermally activated process so no dimensional change will occur unless there is a sufficient increase in the temperature of the continuum. It is therefore necessary to apply the thermal sinter cycle to the continuum through a temperature field variable. As the temperature of each element changes with time, the variables in the governing equations and constitutive models change. The implicit method was used for each time interval to solve the governing equations. Setting a limit to the maximum deformation allowed in one time interval controls the time interval. If this deformation limit is not reached, the time interval is capped at 2 minutes.
MICROSCOPY APPROACH
The viscosity and densification parameters described by the cluster of equation in the Appendix underpin the rheological model for sintering. This model is used to predict size and shape for liquid phase sintered components, especially the complicated shapes encountered in PIM. Experiments are needed to determine the various parameters. The procedure and protocol for determination of the features is now well developed, since the process has been completed for 17-4 PH stainless steel, 316L stainless steel, tungsten heavy alloys (W-Ni-Fe), bronze, and nickel. Additional data have been collected on a variety of other materials during sintering -including niobium, molybdenum, and even a few oxide ceramics.
Dilatometry and video imaging provide important data on density, shrinkage, and distortion useful in building the constitutive equations [7] . bending beam viscosmetry is useful for extracting instantaneous viscosity values, which tend to be in the GPa . s range. Most sintering is performed with nonisothermal cycles, so the models must be robust with respect to time, temperature, atmosphere, heating rate, and component size. However, the interplay between grain size, viscosity, density, and strength requires quantification of the microstructure to fill in many of the details. For example, grain growth in initially retarded by pores, but as densification occurs the capillary force causing pore collapse increases while grain growth accelerates. One consequence is that pores become isolated and impossible to sinter closed. In such cases it is necessary to consider thermal cycles that better control the evolution of strength, pore, grain, density, or other attributes. Typically this is performed by coordinating video imaging for distortion, differential thermal analysis for melting events, and dilatometry for shrinkage. Quenching experiments provide needed linkages between the factors -such as liquid content, grain size, and density. Also in situ strength and thermal conductivity tests have proven effective in determining particle bonding before and after liquid formation. Quenching experiments and batch sintering runs are conducted to freeze the microstructure at various times and temperatures associated with the melting, densification, and distortion events. The quenched microstructures are subjected to quantitative image analysis to extract grain size, grain size distribution, pore size, pore size distribution, contiguity, connectivity, solid-liquid ratio, and neck size between contacting grains. In turn, standard models exist that link these features to the in situ behavior [9, 10] . Quantitative microscopy from quenched microstructures is valuable in determining the specific material coefficients embedded in the rheological models. Figure 2 shows two example images generated from a W-16Ni-4Cu alloy quenched from 1350 and 1425°C, showing microstructure evolution prior to and after liquid formation. One of the longer-range goals of the current research is to find means to expedite the determination of the coefficients and other material parameters. Most fruitful along these lines is our research on the master sintering curve and linking those curves to handbook material parameters such as surface energy, diffusivity, melting temperature, and strength.
RESULTS AND DISCUSSION
Three examples were chosen to illustrate varying capabilities of this method of simulating the sintering process.
Bending Bar of Nickel
A simple three-dimensional model of a PIM rectangular bar (63 x 12.75 x 3.2 mm), supported at its ends, is used to illustrate densification and distortion due to gravity. Figure 2 is the start and final output of the simulation. To model the bar, a boundary condition of no vertical displacement of the end edges was applied. The stress due to gravity, causing the midpoint deflection, is affected by the changing density of the bar during sintering and is modeled as such. The 2-parameter model is used here with a PIM grade spherical nickel powder with a mean particle size of 7 m.
Source Shield of 17-4 PH Stainless Steel
A three-dimensional model of a source shield is used to illustrate the application of the developed sintering simulation package to a large PIM part. Figure 3 shows two views of the initial and final results of this simulation showing significant shrinkage, typical during sintering of PIM parts. The 2-parameter model is used here, characterized for water-atomized 17-4PH stainless steel powder with a mean particle size of 10 m. The source shield is a large PIM part (885 g). Using a sintering model to evaluate the final effects of, for instance, tooling design changes can significantly reduce time and costs involved with evaluating such effects using trial runs. 
T-Shaped W-Ni-Fe LPS Sample
A simple three-dimensional model of an injectionmolded, tungsten heavy alloy, T-shaped sample is used to illustrate the slumping and deformation, due to gravitational force and surface tension effects, that occur during liquid phase sintering. The 5-parameter model, characterized for W-Ni-Fe is used here. Figure  3 shows the green compact and the predicted distortion. The initial height of the specimen is 30 mm, it shrinks to 18.6 mm (center) -18.9 mm (outer edge) during sintering. This was subsequently verified by experimentation. 
CONCLUSIONS
This research illustrates the varying capabilities of finite element computer simulations of sintering, based on the constitutive equations of sintering, as related to the microstructure of the solid-liquid-pore structure. Factors such a distortion due to gravity, prediction of final sintered size, inhomogeneous density gradients, substrate friction, and the influence of surface tension during liquid phase sintering can be addressed through these models. Guidelines for setting up such simulations are given, as well as two examples of models for the constitutive equations for sintering.
The ability to predict such size and shape changes during sintering provides a useful tool for designing injection-molding tooling with the final sintered part in mind. Using such a tool diminishes time and costs involved with trial-and-error testing of design changes.
